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ABSTRACT 
 
Effectiveness of micellar copper oxide and zinc 
phosphates as antiwear additives in mineral 
oil has been investigated as a function of their 
disintegration in tribochemical processes.  The 
use of copper tribofilm coating can provide 
reasonable very low wear and friction 
coefficient.  The mechanism of wear reduction 
by micellar copper oxide is based on the 
formation of metallic copper durable film on 
the rubbing steel surface during following 
tribochemical reaction:  Cu2+   +   2e-tribo       
Cu0.  This phenomen is named selective 
transfer. As an effect of the given above 
reaction, decrease in the concentration of 
copper and of the other metals, e.g., iron, in 
oil formulation is observed. Other process 
responsible for formation of metallic copper is 
proposed:  2Fe+2 (or Fe0)   +   3CuO   +   
2H2O    Fe2O3   +   3 Cu0   +   4H+.                        
Zinc phosphates as micellar [Zn(PO3)2] hard-
core reverse micelles (RMs) are directly 
introduced in the sliding contact and undergo 
physicochemical changes during the film 
build-up. Consequently, tribochemical 
reaction with zinc phosphate RMs and iron 
oxide, through friction-induced cross-linking 
processes, takes place: [Zn(PO3)2l(RMs) + 
2FeO   →   Fe2Zn(PO4)2    
 
 
 
 
1. INTRODUCTION  
More effective or enhanced lubrication is needed 
to meet the increasingly higher requirements of  
future engine systems.  Copper soluble compounds 
or micellar copper oxide and zinc phosphates can 
give maximum benefit when used as 
multifunctional additives in liquid lubricants or 
greases, fuels, cutting fluids, and hydraulic fluids 
(Dowson, 1998; Pawlak, 2003; Shpenkov, 1995).  
The formation of the tribofilm of pure copper was 
reported over sixty years ago in different 
tribosystems such as airplane landing gear 
(cylindrical coaxial reciprocating bushes) 
lubricated by glycerin and refrigerator compressor 
bearings lubricated by freon.   This effect was 
treated originally as a formation of a very thin soft 
film of pure copper during copper alloy contact 
with steel under condition of boundary lubrication 
and was named selective transfer phenomenon 
(Kragelsky, 1939; Garkunov, 1989).  The 
formation of the copper tribofilm was reported to 
be followed by a very low friction coefficient < 
0.01 and practically zero wear.  Selective transfer 
phenomenon is a type of lubrication induced by 
self-formation of a non-oxidized metal tribofilm in 
the contact zone.  This mechanism produces a low 
resistance and lubricant does not accumulate 
during its deformation.  The selective transfer was 
also observed during formation of MoS2 and 
graphite tribofilms on steel surfaces (Grossiord et 
al., 1998; El Mansori  and Paulmier, 1999; Martin 
et al., 2000a).  The copper tribofilm formed in 
paraffin oil (Myshkin, 2000) and glycerin (Ilie, 
2006) during rubbing of copper alloys against steel 
was also reported. A low friction coefficient (f = 
0.003 - 0.004) occurs in lubricated sliding surfaces 
with copper and copper alloy coating made by 
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electro-pulse spraying and its value is close to 
those in viscous media (Podgurskas et al., 2006).  
In recent years, attention has been shifted to the 
production and uses of nano-sized powders of 
MoS2, WS2, BN3, and graphite. When these 
substances were used in lubricating oil, substantial 
reduction in friction and wear have been reported 
(Erdemir, 2005). However, the copper additives 
should be considered in the first place because of 
the low cost, easy maintenance and effectiveness in 
lubricants (Anon; Colclough et al., 1989; Garmier, 
1998; Greetham, 1999; Ilie, 2006; Pawlak et al., 
2005; Podgurskas et al., 2006; Yao et al., 1994). 
Oil-soluble copper compounds, such as copper 
naphthalene and oleate, are good anti-oxidation 
additives (Anon; Black, 1978; Greetham, 1999; 
Klaus et al., 1992).  Combination of copper oleate 
with organo-borates, either sulfurized or non-
sulfurized, gives better antiwear performance than 
the organo-borates alone.  Synergistic mechanism 
was postulated that boron atoms with vacant p 
orbital catalyze triboreduction of copper (II) on 
rubbing surfaces (Yao et al., 1994).  In recent tests, 
vegetable and mineral oils with several types of 
copper compounds including copper dithio-
phosphates, dithiocarbamates, sulphonates, 
carboxylates, acetylacetones, phenates, copper 
stearate and palmitate have showed significantly 
lower friction and wear (Anon; Colclough et al., 
1989; Garmier, 1998; Greetham, 1999). 
Interactions between additives are of practical 
importance in hydrocarbon and synthetic oil 
formulation.  Some engine oil additives, dissolved or 
dispersed in an oil formulation, occur to be in 
micellar forms as hard-core reverse micelles RMs) 
or micelle aggregates (Inoue, 1993; Mansot et al., 
1993; Pawlak, 2003; Pawlak et al., 2005).  
 
CuO Zn2P2O7Zn3(PO4)2Zn(PO3)2
oleic acid colloidal core
 
Figure. Schematic representation of hard-core copper 
oxide and zinc phosphates reverse micelles (RMs) with 
diameter of 30 to 40 nm in hydrocarbon formulation   
 
The term reverse micelles (RMs) refers to the 
amorphous cores of cooper oxide and zinc 
phosphates (or calcium carbonate or calcium 
borate) solvated by surfactant molecules, see 
Figure (Hernandez Battez et al., 2006; Hone et al., 
2000; Inoue, 1993; Mansot et al., 1993; Marsh, 
1987; Pawlak, 2003; Varlot et al., 2001). 
 
The (Cumetallic) tribofilm formation requires that 
tribochemical reaction occurs between the reverse 
micelles (CuO) x (oleic acid) n and the activated metallic 
surfaces (Pawlak et al., 2005).  The tribochemical 
mechanism by which Cu-compounds reduce friction 
can be explained on the basis of chemical hardness 
concept.  Nascent metal surfaces created by friction 
are soft bases because excited states are present.  
Soft acid Cu+2 prefers to coordinate with soft bases 
to give more covalent species (Martin et al., 2000b). 
 
(CuO)
 x (oleic acid) n (RMs)     +    e- tribo     →      
(Cu metallic) x –  tribofilm                              (1)   
 
In case of the zinc phosphates the micellar 
[Zn(PO3)2] (RMs) are directly introduced in the 
sliding contact and undergo physicochemical 
changes during the film build-up.  Consequently, 
tribochemical reaction with the zinc phosphate 
hard-core RMs and iron oxide through friction-
induced cross-linking processes takes place. 
 
[Zn(PO3)2](RMs) + 2FeO → Fe2Zn(PO4)2      (2)                                 
 
Other known additives, e.g., calcium carbonate (or 
calcium borate) hard-core RMs, the colloidal 
(CaCO3)x or (CaBorate)x are also directly introduced 
in the sliding contact and undergo physicochemical 
changes during the film build-up.   These classes of 
additives are to be found in nearly all lubricants 
formulated for crankcase applications, especially 
for marine diesel engines (Hone et al., 2000; Inoue, 
1993; Mansot et al., 1993; Marsh, 1987; Varlot et 
al., 2001). 
 
The objective of this work is the evaluation of 
micellar copper oxide and zinc phosphates as 
additives in mineral oil using four-ball test and test 
in small gasoline engine.  Analyses of used oils for 
content of dissolved copper and iron were carried 
out to discuss triboreduction of copper: Cu2+  +  2e-
tribo     Cu0.  Also, other possible process was 
considered: 2Fe+2 (or Fe0)  +  3CuO  +  2H2O   
Fe2O3  +  3Cu0  +  4H+.  Thus, the excess of atomic 
copper produced thin-layered protection tribofilm 
and ball-shaped particles under friction, with the 
latter acting as small “roller bearing”. Also, 
micellar zinc phosphates: zinc metaphosphate, 
pyrophosphate and orthophosphate were tested on 
four-ball machine. 
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2.  EXPERIMENTAL 
 
 
2.1. Test Procedure
 
 
A standard four-ball wear machine in line with 
ASTM D4172 (1994) standard (speed: 1200 rpm, 
load: 392N, time: 60 min, temperature: 60 oC) was 
used in an ambient atmosphere.  The balls from 
AISI52100 steel were 12.7 mm in diameter.  Test 
results are reported as the copper concentration 
changes during wear experiment, see Table 2.  
Three tests were run with the same volume of 
lubricant (10 cm3), results are reported in Table 4.  
Wear scar diameters (WSD) was measured using 
Nikon PFX optical microscope. Mineral oil 
parameters: kinematic viscosity, mm2/s: 71.2 at 
400C, and 8.5 at 1000C.  The additional test was 
performed with small gasoline engine. 
 
2.2. Micellar copper oxide and zinc phosphates 
additives preparation and composition 
 
Micellar copper oxide and zinc phosphates were 
prepared under conditions in which colloidal 
nanoparticles were formed according to chemical 
reaction (CuSO4 + NaOH and  ZnCl2 + sodium 
phosphates) in the presence of oleic acid as the 
surfactant and subsequently dispersed in 
hydrocarbon oil (see Figure).  The concentration 
ratio of colloidal nanoparticles to oleic acid and a 
mineral oil were 2 : 2 : 1.5 by weight, respectively 
(Sagatowski and Szpienkow, 1995).   A micellar 
copper oxide was analyzed for content of all metals 
and elemental analysis is reported in Table 1.  
Then his additive was blended with a mineral oil to 
prepare a lubricant.  The copper additive contained 
108000 mg/kg of copper and some impurities 
including 827 mg/kg of calcium, 1780 mg/kg of 
nickel and about 100 mg/kg of arsenic, lead and 
iron.  After the four-ball and engine  tests, analyses 
of used oils were performed to determine the 
content of copper.  In addition, content of zinc in 
micellar zinc phosphates was found to be as 
follows: 180500 mg/kg for Zn(PO3)2, 210800 
mg/kg for Zn3(PO4)2 and 200400 mg/kg for 
Zn2P2O7. 
 
Metals concentration in micellar copper oxide and 
zinc phosphates additives and used oil samples 
were determined by inductive couple plasma-
optical emission spectrometer Perkin-Elmer model 
4300 DV.  Digestion of samples of copper and zinc 
phosphates additives were carried out using EPA 
3050B method (1996). 
 
 
 
Table 1.  The total metal concentration (C) in copper 
oxide additive 
 
Metal C [mg/kg] 
Al 7 
Sb 17 
Si 41 
As 66 
Pb 71 
Fe 140 
Na 463 
Ca 827 
Ni 1780 
Cu 108000 
3. RESULTS AND DISCUSSION 
The micellar copper oxide particles with diameter 
of 30–40 nm are easily dispersible in oils, fuel, and 
water forming a stable lubricant (Shpenkov, 1995). 
Transfer and adhesion of the micellar particles 
accelerate surface modification, self-reducing, and 
forming of a fine copper tribofilm.  It is known that 
under boundary friction conditions and/or surface 
damage caused by fatigue processes, triboemission 
can lead to the release of triboelectrons, charged 
particles, and photons (Kajdas et al., 2002).  
Boundary friction and frictional energy induce the 
formation of a thin copper tribofilm. Since 
tribofilm formation takes place during the friction 
process, disintegration of the RMs occurs 
according to tribochemical reaction: 
 
Cu2+   +   2e-tribo       Cu0    (3) 
 
Table 2 shows concentration of copper in oil 
samples during the test in four-ball wear machine.  
Copper level has decreased from 216 mg/kg in 
fresh oil to 133, 85 and 43 mg/kg after run of 10, 
30 and 60 min, respectively.  
 
Table 2.  Concentration [mg/kg] of soluble copper in 
oil samples tested in four-ball wear machine 
 
Run time, min Copper [mg/kg] 
          0 (fresh oil) 216 
        10  133 
        30   85 
        60   43 
 
When formation of the copper layer on rubbed 
steel surface occurs (see reaction 1), some amount 
of iron is worn out from the surface as Fe metal 
particles or other Fe+2 species and stay in oil 
formulation. Other processes for copper ion 
deposition in solution and on steel surface can be  
explained by contact substitution of iron ions by 
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copper:  
 
2 Fe+2 (or Fe0)   +   CuO   +   2H2O       
Fe2O3   +   3Cu0   +   4H+                 (4) 
 
If sufficient amount of metallic iron is in contact 
with the copper micelles, iron dissolution (friction 
will saturate the surface quicker) and copper 
deposition continue.  The difference of redox 
potentials, E is about 0.5 V between the two 
redox couples: Fe3/Fe2 +0.80 V, and for Cu+2/Cu0 
is 0.3 V (in water scale) (Burgess, 1999).  Redox 
potentials simply provide a quantitative measure of 
the case of oxidizing or reducing a given species in 
oil formulation.  
 
Table 3.  Concentration of soluble copper and iron in 
oil samples taken from small gasoline engine 
Run time, hrs Copper [mg/kg] Iron [mg/kg] 
350a 114 17.7 
500  55.2 4.3 
650  33.7 3.8 
800  17.3 2.7 
aOil was spiked with micellar copper additive after 350 
hrs of run 
 
Table 3 shows elemental analysis of the aged bulk 
lubricant samples in small gasoline engine.  After  
350 hours of running, copper and iron levels were 
114 mg/kg and 17.7 mg/kg, respectively.  When 
copper additive was added, the oil was re-sampled 
and analyzed.  It was found that concentration of 
soluble copper has fallen to 55.2, 33.7 and 17.3 
mg/kg, while concentration of soluble iron has 
fallen to 4.3, 3.8 and 2.7 mg/kg, after operating 
small engine for 500, 650 and 800 hrs, respectively 
(Table 3).   
 
Table 4.  Results of anti-wear test using copper and 
zinc micellar additives in mineral oil after 60 min of 
run 
WSD,a 
mm 
 WSD, 
mm 
WSD, 
mm 
WSD, 
mm 
CuO Zn(PO3)2 Zn3(PO4)2 Zn2P2O7 
0.013 0.140 0.173 0.193 
a
WSD = WSDmineral oil – WSD mineral oil with additive  
 
Anti-wear test conducted in the four ball machine  
under boundary conditions resulted in WSD 
value of 0.013 mm for copper oxide and for zinc 
meta-, para-, and ortho- phosphates WSD values 
(0.140 – 0.193 mm) did not vary significantly 
among themselves but they were ten fold higher 
than this for copper oxide, see Table 4 (ASTM 
D4172, 1994). 
During friction process, Cu(II) is very reactive and 
easy adhesive on steel surface.  Literature data 
indicate that copper tribofilm is very thin 
(Podgurskas et al., 2006) and only low 
concentration of copper (Anon) is needed to 
provide good lubrication.  A small amount of 
soluble copper additive (less than 2000 ppm) 
dramatically reduces oil degradation.  Greetham 
(1999) reported that deposit was reduced from 6 % 
to 0.5 % and evaporation was reduced from 7 % to 
none when oil with commercial additives was 
compared with oil containing copper additive.  
According to Shpenkov (1995) the very low 
friction coefficient is due the Cu crystal structure.    
Recently, nonindentation methods and 
spectroscopic techniques have been used to 
determine mechanical properties of the triboflim.  
Formation of the chemically durable zinc 
phosphate tribofilms indicates the presence of 
heavy metal ions as modifiers of the phosphate 
network formed during processes.  The addition of 
iron or aluminum ions to phosphate tribofilms 
tends to provide more cross-linking and 
mechanically stronger structure (Belin et al., 1989; 
Nicholls et al, 2005; Pawlak et al., 2005). 
 
Cross-linking occurs within zinc phosphorus in the 
presence of Fe ions through formation of Zn-O and 
Fe-O bonds which requires sufficient content of 
oxygen compounds.  The formation of the highly 
cross-lined network increase the mechanical 
hardness (Mosey et al., 2005; Pawlak et al., 2006).  
The structure of zinc phosphate tribofilms is 
characterized by tetrahedrally coordinated zinc 
ions at low pressure or octahedrally coordinated 
zinc ions at high pressure.  Transformation of zinc 
ions from tetrahedral to octahedral coordination, in 
phosphate tribofilms, occurs at pressures above 17 
GPa at room temperature and ion coordination 
number increases gradually with increasing 
pressure (Mosey et al., 2005).  
4. CONCLUSION 
The results of four-ball and small gasoline engine 
tests showed that formation of Cumetallic tribofilm 
on rubbing surfaces reduces significantly wear. 
The process of this tribofilm can be schematically 
presented as:  
 
Cu2+    +     2e-tribo         Co0 
 
The copper-containing surface coating provides 
continued lubrication for ball bearing with less 
wear and lower friction. The test data showed that 
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the copper concentration was changing with 
running time, indicating chemical reaction with 
metal surface exposed through the wear process.  
The copper additives have been incorporated in 
lubrication formulation in order to improve its 
antioxidation characteristics.  In many 
formulations, the copper is more effective than 
some traditional additives (Anon; Greetham, 
1999; Podgurskas et al., 2006). Zinc (ortho-, meta-
and para-) phosphates act as anti-wear agents 
when added to mineral oil but as Table 4 shows 
their WSD is 10 times higher then this of 
outstanding copper additive. 
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